Introduction
Multiple sclerosis (MS) is a chronic inflammatory condition of the central nervous system (CNS) that can affect physical and cognitive functioning. CNS injury in MS is the consequence of a complex interaction between the immune system, glia and neurons (Reich et al., 2018) . The resulting tissue damage is characterised by demyelination, neuroaxonal impairment, microglial activation, astrocytic disturbances and glutamatergic excitotoxicity, among others (Haider et al., 2016; Kutzelnigg et al., 2005; Kutzelnigg and Lassmann, 2014) . Although the focal demyelinated plaques are considered the pathological hallmark of the disease, diffuse pathology is present in normal-appearing white matter (WM) and grey matter (GM) (Kutzelnigg et al., 2005; Kutzelnigg and Lassmann, 2014) .
Several advanced magnetic resonance (MR) techniques have been proved to be sensitive to the microstructural changes of the CNS in MS. Radial diffusivity (RD) obtained from diffusion MR imaging (dMRI) has the advantage of being closely related to demyelination (Song et al., 2005) , compared with lesion volume in conventional T2-weighted sequences (Filippi et al., 2012) , and is able to detect modifications in tissue integrity early in the disease (Llufriu et al., A C C E P T E D M A N U S C R I P T 4 (Fisher et al., 2002) , while glutamate+glutamine (Glu+Gln; abbreviated as Glx) concentrations mainly depends on neuronal integrity and is part of the neurotransmitter pool (Ciccarelli et al., 2014) . In patients with MS, several reports have shown that tNAA is decreased while RD, mI and Glx are increased in lesions and normal-appearing brain areas (Chard et al., 2002; Ciccarelli et al., 2014; Llufriu et al., 2014a; Sarchielli et al., 1999) . Although those changes cannot be linked to a single histological substrate, they are sensitive markers to detect in vivo neuroaxonal damage, myelin loss, astrogliosis and glutamatergic neurotoxicity respectively.
The MS pathology may impact on network connectivity disrupting the flow of information among brain regions (Shu et al., 2016) . Studies of the functional and dMRI-based structural connectome, using graph theoretical analyses, have shown an impairment of the optimal balance between integration and segregation of the network components (Sporns, 2013) .
Specially, patients present worse network efficiency as well as reorganization changes (Kocevar et al., 2016; Liu et al., 2016; Llufriu et al., 2017; Rocca et al., 2016; Shu et al., 2011) . Structural connectivity modifications have been related to the presence of focal WM lesions (He et al., 2009; Shu et al., 2011) .
Network connectivity changes seem to contribute to physical and cognitive dysfunction (Li et al., 2013; Llufriu et al., 2017; Rocca et al., 2016; Shu et al., 2011) . In particular, attention, working memory and processing speed, which are essential for maintaining everyday life activities, are impaired since the early stages of the illness (Chiaravalloti and DeLuca, 2008; Schulz et al., 2006) and have been associated with the integrity of large-scale neural networks connecting frontal and parietal areas among others (Llufriu et al., 2017) . Actually, the frontoparietal network (FPN), which connects heteromodal association cortical areas, is a
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Although dMRI studies have shown the disruption of the structural cerebral network in MS patients, the impact of microstructural tissue impairment on the reduction in the connectivity properties remains to be elucidated. The study of the FPN, an area of high prevalence of MS damage (Filippi and Rocca, 2012) , could boost our understanding of these mechanisms.
Therefore, the main aim of this study was to assess the association between the disruption of structural network connectivity and MR markers of demyelination, neuroaxonal impairment, astrogliosis and glutamatergic changes. Moreover, we evaluated the repercussions of the FPN damage on attention, working memory and processing speed.
Material and methods

Participants
Patients with relapsing-remitting or secondary progressive MS aged between 18 and 65 years old were consecutively recruited at the MS Unit in Hospital Clinic of Barcelona. They must be free from relapses in the last 30 days, and had no history of any other neurologic or psychiatric condition. Global disability was evaluated using the Expanded Disability Status Scale (EDSS) (Kurtzke, 1983) . We included a cohort of 102 patients with diagnosis of MS according to 2010
McDonald criteria (Polman et al., 2011) and 25 healthy volunteers (HV). The HVs had neither cognitive complains nor neurologic or psychiatric problems. The Ethics Committee of the Hospital Clinic of Barcelona approved the study and all participants signed an informed consent.
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Cognitive assessment
Attention, working memory and processing speed were only assessed in patients with the three seconds-Paced auditory serial addition test and the Symbol digit modalities test (Boringa et al., 2001) . Raw values were stratified by age and education to create z-scores for each test, and a mean score of them (zAttention) was calculated (Sepulcre et al., 2006) . Patients were considered impaired in the assessed functions if they scored below -1.5 in zAttention.
Magnetic resonance acquisition and processing
Structural and diffusion magnetic resonance imaging acquisition
MR images were acquired on a 3T Magnetom Trio (SIEMENS, Erlanger, Germany) scanner using a 32 channel phased-array head coil, and included 3D-Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) structural, 3D-T2 fluid attenuated inversion recovery (FLAIR) and diffusion-weighted imaging (DWI) sequences. The 3D-structural image had the following acquisition parameters: repetition time = 1800 ms; echo time = 3.01 ms; inversion time = 900 ms; 240 sagittal slices with 0.94 mm isotropic voxel size and 256x256 matrix size. The 3D-T2 FLAIR sequence parameters were: repetition time = 5000 ms; echo time = 304 ms; inversion time = 1800 ms; 192 sagittal slices with 0.94 mm isotropic voxel size and 256x256 matrix size. High Angular Resolution Diffusion Imaging (HARDI) data was acquired with repetition time = 14800 ms; echo time = 103 ms; 100 contiguous axial slices; 1.5 mm isotropic voxel size; 154x154 matrix size; b value = 1000 s/mm 2 ; 60 diffusion encoding directions and a single baseline image acquired at 0 s/mm 2 . Also, field map images were generated to correct the distortions caused by field inhomogeneities (echo time 1/echo time 2 =
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WM lesions were segmented in the 3D-MPRAGE sequence using 3D-FLAIR images as reference to improve identification and delineation of the lesions with ITK-SNAP v3.4 toolkit (http://www.itksnap.org/pmwiki/pmwiki.php) or Jim7 software (http://www.xinapse.com/j-im-7software/). The absolute agreement between both methods measured with the intraclass correlation coefficient was 0.94 (95% confidence interval, CI: 0.61 -0.99), indicating excellent reliability. Afterwards, lesion inpainting was applied to the 3D-MPRAGE image to improve segmentation and registration in patients (Battaglini et al., 2012) .
Reconstruction of the frontoparietal network
The studied FPN included the rostral branch of the superior longitudinal fasciculus and the cingulate gyrus (Parlatini et al., 2016) . A set of 11 regions of interest (ROIs) per hemisphere were selected as nodes for the network reconstruction comprising the frontal (superior and middle frontal) and parietal regions (inferior and superior parietal, supramarginal and precuneus), cingulate cortex (caudal anterior, posterior and the isthmus of the cingulate), and subcortical regions (thalamus and striatum). Cortical GM regions were parcellated with the Desikan-Killiany atlas (Desikan et al., 2006) ( Supplementary Fig. 1 ). The WM and lesions mask were registered to undistorted HARDI images applying boundary-based registration (Greve and Fischl, 2009) integration: global efficiency (the average of the inverse of the shortest path length in the network); centrality: betweenness centrality (the fraction of all shortest path in the network that
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A C C E P T E D M A N U S C R I P T 9 contains a given node), and brain resilience: assortativity (a correlation coefficient between the degrees of all nodes on two opposite ends of a link) (Rubinov and Sporns, 2010) . Nodal strength (the sum of weights of links connected to the node) was also obtained.
Finally, RD mean value from the FPN pathway was computed as measure of demyelination in the network.
Connectivity metrics and RD values greater or lesser than 1.5×interquartile range from the median in the group of patients and in the HVs, were considered outliers and were removed from the analyses.
Magnetic resonance spectroscopy
Two-dimensional chemical shift imaging (2D-CSI) spectroscopy images were obtained with a point-resolved spectroscopy sequence: repetition time = 4000 ms; echo time = 30 ms; slice thickness = 12 mm; field of view = 160 mm; and volume of interest = 80 mm x 80 mm x 12 mm.
The 2D-CSI water unsuppressed data set was acquired with the same sequence parameters. The volume of interest (VOI) covered 76.8 cm 3 with a set of 8x8 voxels, over the corpus callosum, at the cingulate cortex, and was fully involved in the FPN (Fig. 1 ). The VOI did not include ventricular cerebrospinal fluid in any participant.
Metabolites concentrations were quantified using LCModel (v6.3-1J, Provencher, 1993) and expressed as ratios of tNAA/creatine+phosphocreatine (tCr), mI/tCr and Glx/tCr to provide information on axonal damage, astrogliosis and glutamate+glutamine density, respectively. Only high-quality spectra, defined as signal-to-noise ratio greater than 15, Cramer-Rao lower bounds lower than 15% and full width at half maximum of metabolites lower than 0.07 (Kreis, 2004),
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A C C E P T E D M A N U S C R I P T 10 was included in the analyses. SIENAX (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA), performed after lesion filling, was used to obtain WM and GM maps in order to measure the percentage of their content within each spectroscopic voxel. Then, the metabolic estimates for each tissue type were extrapolated from the endpoints of linear regression models in R Software (https://www.rproject.org/) as previously described (Azevedo et al., 2014; Srinivasan et al., 2006) (Fig. 2) .
Metabolic outliers from each group of participants were removed from the regression models.
Statistical analysis
Differences between groups in demographic, cognitive data, connectivity values and MR markers of tissue damage were studied using Student's t-test for independent samples or Chisquare tests, as convenient.
We used receiver operating characteristics (ROC) curve analyses to estimate the optimal cut-offs of each connectivity metric that discriminates HV and MS patients using the Youden J statistic (Youden, 1950) . Then, patients were categorized as having normal or abnormal network integrity using the estimated cut-offs.
The probability of the association between abnormal network integrity and MR markers was estimated using logistic regression analyses including age as a covariate. We only evaluated as outcome the network metrics that were different between MS participants and HV. Similarly, we only studied MR markers that were different between groups, in order to understand the impact of MS pathology in the decrease of network connectivity. We applied a transformation in all predictors variables (value * 100) to quantify estimated change in age-adjusted odds ratio (OR) of abnormal network connectivity associated per 0.01 units of each MR marker. Then, we
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A C C E P T E D M A N U S C R I P T 11 ran multiple regression analysis including MR markers and age as predictors in a single model for each outcome. Finally, we evaluated the relationship between connectivity impairment and cognitive performance through Student t-test for independent samples and Chi-square test in order to assess whether the connectivity changes were clinically meaningful.
Statistical analyses were done using STATA v14 for Mac. Significance level was set at two-sided p<0.05.
Results
Clinical, demographic and cognitive data from the participants are summarised in Table 1 .
Patients with MS and HV were similar in age and gender. Twenty five (25%) patients displayed impaired performance in zAttention. The impaired group had higher percentage of patients with secondary progressive form of the disease and worse EDSS (see Supplementary Table 1 ).
Median (range) number of voxels in the 2D-CSI excluded due to low quality per participant was 1 (0 -35), similar in HV and patients (p=0.42).
Differences in network connectivity and MR data between patients and healthy volunteers.
MS patients showed a statistically significant reduction in global and local efficiency and increase of assortativity of the network compared with HV (p<0.01, Table 2 ). Such changes were not different between women and men (p>0.05). The ROC curves relative to global and local efficiency, and assortativity in patients and HV are reported in the Supplementary material ( Supplementary Fig. 2 ). The area under the curve (AUC) was 0.67 (0.56 -0.79) and the cut-off maximising the sensitivity and specificity of global efficiency in discriminating patients with MS
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A C C E P T E D M A N U S C R I P T 12 from HV in our cohort was 0.38, with a sensitivity of 79% and specificity of 51%. The AUC of local efficiency was 0.75 (0.64 -0.85) with a cut-off of 0.43, sensitivity of 71% and specificity of 69%. For assortativity, the AUC was 0.67 (0.57 -0.77) with a cut-off of -0.12, sensitivity of 61% and specificity of 71%. In our cohort, 70 (69%), 51 (50%) and 62 (61%) patients had abnormal global efficiency, local efficiency and assortativity, respectively.
Moreover, patients displayed higher RD and mI/tCr, and lower tNAA/tCr concentrations in the network WM, in comparison to HV (p<0.05, Table 2 ). We did not observe significant differences in the metabolite concentrations at GM between patients and HV (Table 2) .
Association between MR markers and connectivity status.
We evaluated the individual predictive value of RD, mI/tCr and tNAA/tCr, in WM, on the connectivity status. The age-adjusted OR of having abnormal global efficiency was 1.28 for every 0.01 increase in RD, 1.09 for every 0.01 increase in mI/tCr and 0.92 (reduction in 8% of the probability) for every 0.01 increase in tNAA/tCr. Similarly, the age-adjusted OR of presenting abnormal local efficiency was 1.50 for every 0.01 increase in RD, 1.10 for each 0.01 increase in mI/tCr and 0.94 for every 0.01 increase in tNAA/tCr (p<0.01). On the contrary, there was no association between MR markers and the presence of an abnormal assortativity (Table 3 ).
In the multiple logistic regression analysis including RD, mI/tCr, tNAA/tCr in WM and age, only tNAA/tCr and RD were associated with global and local efficiency respectively. Thus, the OR of presenting abnormal global efficiency was 0.95 (95% CI: 0.91 -0.99) times higher for every 0.01 increase in tNAA/tCr (p = 0.011) and the OR of having an abnormal local efficiency was 1.39 (95% CI: 1.14 -1.71, p = 0.001) for each 0.01 increase in RD.
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Discussion
This study shows that the reduction in network connectivity in patients with MS is associated with microstructural modifications in the brain. Specifically, network efficiency was influenced by the levels of RD, tNAA/tCr and mI/tCr, suggesting that demyelination, neuroaxonal and astroglial damage in WM are key contributors to the loss of structural connectivity in MS. Importantly, the risk of having an abnormal global efficiency reaches as the MR marker of neuroaxonal burden progresses, and the probability of presenting an abnormal local efficiency increases as the measure of demyelination worsens. The impairment of the FPN global efficiency has negative consequences in cognition. These results highlight the relevance of the MS diffuse tissue damage beyond focal lesions.
FPN involves highly connected regions that play a key role in global information
integration. The cost-efficiency of its components raises the vulnerability of the network to damage (Bullmore and Sporns, 2012; Crossley et al., 2014) . We previously demonstrated that
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14 connections involved in the FPN are impaired in patients with MS and contribute to low performance in attention and executive functions (Llufriu et al., 2017) . Here, we focused our analysis on the rostral branch of the superior longitudinal fasciculus and the cingulate gyrus due to its susceptibility to MS damage and the feasibility to be studied with 2D-CSI without large contamination of the ventricular cerebrospinal fluid. We found a reduction of global and local efficiency of the reconstructed FPN in more than half of the included patients. Changes in global efficiency could be associated with damage of long-range connections that slow down the transfer of information. Meanwhile, modifications in local efficiency could be related to impairment of short-range connections between nearby regions driving to a more randomized configuration of the network and, therefore, increasing wiring costs. On the other hand, the increase in assortativity, which had been described mainly in progressive courses of the disease The main aim of this work was to understand the pathophysiological processes underlying the changes in structural network connectivity in MS. MR data provides in vivo valuable information on the tissue microstructure, but with limited histological specificity. We analysed MR markers of demyelination, neuroaxonal impairment, astrogliosis and glutamate+glutamine concentrations in WM and GM at the FPN, involving lesions and normal-appearing areas. We observed that demyelinating damage, assessed through mean RD, contributed to the impairment of network connectivity properties, supporting previous studies that highlighted the relevance of
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15 WM lesions on network disruption (He et al., 2009; Shu et al., 2011) . The fact that high levels of RD had a larger impact on local rather than global connectivity would be concordant with a predominant effect of lesions on short-range connections (He et al., 2009) , and supports the pathological correlate of more severe demyelination in plaques (Kutzelnigg and Lassmann, 2014) . However, future studies combining computational models with empirical structural data are needed to understand the relationship between the presence of lesions and the regional disorganization of brain networks.
Furthermore, astrogliosis and neuroaxonal impairment, measured by myo-inositol and total N-acetylaspartate concentrations, were associated with decreased network efficiency in MS.
Astrocytes have been described to be powerful controllers of synapse formation, function, plasticity and elimination, and reactive astrocytes in brain injury express molecules that affect synapse formation and, thus, impair neuronal connectivity (Eroglu and Barres, 2010). Moreover, axonal degeneration can be found in demyelinating lesions and in normal-appearing tissue, and has been related to the loss of myelin-derived trophic support and to immune-mediated injury (Criste et al., 2014; Kutzelnigg and Lassmann, 2014) . It is considered one of the most important pathological mechanisms in the accumulation of disability (De Stefano et al., 1995; Llufriu et al., 2014a; Mathiesen et al., 2006) . In fact, this study pointed out that the concentration of Nacetylaspartate in the WM was the main risk factor for having an abnormal global efficiency, suggesting that the accumulation of neuroaxonal pathological burden in long-range connections enlarge the risk of network collapse in MS (Schoonheim et al., 2015) .
A valuable aspect of the analysis is that the MR markers provided information from the diffuse microstructural changes in WM. Although larger lesion volume inside the FPN increased
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16 the adjusted odds of presenting abnormal connectivity (OR 1.002 (95% CI: 1.001-1.004) and
1.003 (95% CI: 1.001-1.006), p<0.01, for global and local efficiency), the association between connectivity changes and microstructural biomarkers was stronger than with network lesion volume (See Supplementary Table 2 ). These findings support the relevance of the microstructural damage beyond lesions on network integrity in MS.
The collapse of the studied part of the FPN due to MS damage seems to have negative consequences on cognition. Indeed, we found that patients with impaired network efficiency displayed worse attention, working memory and processing speed. These findings validate the previous reports showing the relationship between MS structural network impairment and cognitive decline and reinforce the role of disconnection mechanisms in the evolution of disability (Dineen et al., 2009) . It is important to have in mind that our approach was limited to the analysis of a given network, which facilitated to reach the main aim of the study, but did not evaluate other important circuits involved in attention and working memory such as connections linking the FPN with other relevant networks in the temporal, occipital and deep GM (Dineen et al., 2009; Harding et al., 2015; Llufriu et al., 2017) . In addition, other relevant aspects may contribute to the patient's cognitive functioning like intellectual enrichment during life and lifestyle variability (Mollison et al., 2017) that were outside the scope of this study.
The present work has strengths and limitations. The reconstruction of the rostral part of the FPN is challenging, even more in the presence of MS lesions. To partially overcome this issue, we applied new high-order probabilistic tractography methods and anatomical exclusion criteria that improve tracking results in the healthy brain and in patients with MS (Llufriu et al., 2017; Martínez-Heras et al., 2015) ( Supplementary Fig. 1) . We focused on a selected network,
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A C C E P T E D M A N U S C R I P T 17 however, results on the relation between tissue disruption and connectivity changes could be extrapolated to other networks. Although RD values are widely used as surrogate metrics of demyelination, results must be take in caution as previous findings have suggested that this measure is also sensitive to axonal injury or inflammation (Klawiter et al., 2011) . Newer advanced MR techniques such as density imaging or myelin water fraction that seem to be more specific of the underlying damage, should confirm the present findings. Finally, spectroscopy markers of tissue damage in GM were not different between patients and HV, similar to other studies (Llufriu et al., 2014a) . Although cortical pathology may exist in this cohort of mild-tomoderate disabled patients, the spectroscopy technique used here and the presence of partial volume effects could influence our results.
Conclusions
The current study shows that patients with MS exhibit decreased structural network efficiency driven by microstructural impairment of the WM. Neuroaxonal damage, astrogliosis and demyelination, measured by advanced MR techniques, contribute to network disruption.
Specifically, the accumulation of neuroaxonal pathological burden substantially increases the risk of global network collapse while demyelination seems to be a key factor for the impairment of The panels illustrate the receiver operating characteristic curves for A) global efficiency, B) local efficiency, and C) assortativity, and the best cut-off point to discriminate MS patients with normal or abnormal network connectivity compared with healthy volunteers.
The following are the supplementary data related to this article.
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Supplementary material 
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A C C E P T E D M A N U S C R I P T 30 Glx/tCr in GM 102 1.71 (0.15) 25 1.73 (0.08) 0.455 GM=Grey matter; Glx=glutamate+glutamine ratio with total creatine; mI=myo-inositol ratio with total creatine; tNAA/tCr=total N-acetylaspartate ratio with total creatine; RD = radial diffusivity; SD=standard deviation; WM=white matter. Average radial diffusivity is expressed in units of mm 2 /s x10 -3 . Two sample t-test with unequal variance for all variables.
A C C E P T E D M A N U S C R I P T 31 CI=confidence interval; mI=myo-inositol ratio with total creatine; tNAA/tCr=total Nacetylaspartate ratio with total creatine; RD = radial diffusivity; WM=white matter. MR data was transformed (value * 100) to obtain age-adjusted ORs to quantify estimated change in the odds of abnormal network functionality associated per 0.01 units of each MR marker. All models had Likelihood ratio test with P-value <0.001 except for those including metabolites as predictor and assortativity as outcome.
Highlights:
 The pathogenic mechanisms underlying structural network disruption in MS are unknown.  The microstructural damage of the white matter contributes to network impairment.  The worsening of global efficiency is associated with markers of neuroaxonal burden.  Local efficiency impairment is related to MR measures of demyelination.  The described network modifications contribute to cognitive dysfunction. 
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